Feasible methods for sperm cryopreservation and subsequent artificial insemination are urgently needed to maintain silkworm genetic resources with less laborious work and space cost. We have discovered that loss of the fertilizing ability of cryopreserved diploid (p50) semen was restored by the addition of either fresh or frozen apyrene sperm from triploid donors. To decrease usage of the amount of stored diploid semen, we monitored the effective ratio of cryopreserved p50 semen and apyrene sperm from triploid males to restore fecundity. Restoration of the fertilizing ability of cryopreserved p50 semen was kept by roughly one fourth decrease of the amount by increasing the apyrene sperm ratio. Because semen collection from diploid males requires skillful and careful techniques, decreasing the amount of cryopreserved semen may practically save laborious work. It may also contribute to successful restoration of fertilization with a small amount of semen from a small number of individuals.
INTRODUCTION
Bombyx mori is one of the most important insect resources with more than 3,000 known strains (Yamamoto, 2000) and more than 400 mutants (Banno et al., 2005) , which have been maintained by rearing year after year. Moreover, the development of transgenesis (Tamura et al., 2000) and the subsequent GAL4/UAS system (Imamura et al., 2003) may markedly increase the number of transgenic silkworm lines. Methodological progress of sperm cryopreservation and artificial insemination techniques is urgently needed to maintain these resources with less laborious work and space cost.
Based on their technique developed in 2000, Takemura et al. (2006) reported a more feasible and wider adaptive artificial insemination technique in the silkworm using cryopreserved semen plus either fresh or frozen apyrene sperm from triploid individuals as a helper. This can be suitable for freeze-susceptible strains, such as Uryu, and may open the gate to store resources without rearing every year. Semen dissected from male reproductive organs contained eupyrene (fertilizing) sperm bundles and apyrene (non-fertilizing but inevitable for fertilization) spermatozoa (Osanai et al., 1988; Kawamura, 2002, 2004; Sahara and Takemura, 2003 ; also see review Friedländer et al., 2005) . Since liquid nitrogen preferentially caused apyrene sperm to dysfunction during the freeze-thaw process in the semen of freeze-susceptible strains, a supply of functional apyrene sperm to damaged semen through artificial insemination restored the cryopreserved eupyrene sperm to be fertile (Takemura et al., 2006) .
We attempted to identify the feasibly effective ratio of apyrene supply to damaged frozen semen to restore fecundity. Because semen collection from male reproductive organs requires skillful and careful techniques to avoid contaminating tissue cut pieces, less cryopreserved semen for individual regeneration saves labor. Here we employed one of the most important but freeze-susceptible strains, p50, which has been used for the genome project in the silkworm (Mita et al., 2004) . We identified that at least one fourth of cryopreserved p50 semen was Fertility restoration of cryopreserved semen by hyper ratio of apyrene sperm in Bombyx mori sufficient, compared with the volume used in previous experiments, to restore fertility to the original level by adding frozen apyrene sperm from triploid males.
MATERIALS AND METHODS
Bombyx mori strains. The B. mori strains used were p50 and a hybrid WE2. The p50 is a regional Chinese strain, which was used in whole genome shotgun sequencing (Mita et al., 2004) . The WE2 is a white egg-color (w-2/w-2) mutant. The p50 yield fertile eggs with a wild-type (black) color (ϩ
). Since the wild-type egg is genetically dominant over the white-egg mutant, eggs obtained by mating WE2 and wild-type egg-color races become pigmented after fertilization, whereas eggs remain whitish if they are not fertilized. This is a phenotypic marker for assessing fertilization.
F 1 females (black egg: ϩ pe re/pe ϩ re ) were obtained from mating an re9 (red egg: re/re) female and a pe male (pink-eyed and white egg: pe/pe) to induce polyploids. Ten-minute-old eggs from F 1 females crossed with pere (white egg: pe re/pe re) males were treated with CO 2 gas for 2 h at room temperature according to Tazima and Onuma (1967) . Because diploid eggs from the cross are red (ϩ pe re/pe re) or white (pe ϩ re /pe re), we selected exceptional black eggs as polyploids, a mixture of triploids and tetraploids. The triploid males used in our experiments were from mating tetraploid females with diploid males.
Cryopreservation. For cryopreservation and thawing, we followed the method by Takemura et al. (2000 Takemura et al. ( , 2006 . Briefly, a 10% dimethylsulfoxide (Me 2 SO) solution in Grace's medium was added to the same volume of semen (from p50 and/or triploid) as a cryoprotectant. The semen was injected into a 0.25 ml straw and transferred to liquid nitrogen after 10 min treatment in a mechanical freezer (Ϫ80°C). We kept the frozen semen at Ϫ196°C for at least several months, and then the straw was thawed in water at 37°C for 10 seconds just before the examination. The thawed semen was mixed with trypsin solution as described below or with trypsin solution plus triploid semen at the time of insemination.
Artificial insemination. Artificial insemination was carried out according to the method reported by Takemura et al. (1996 Takemura et al. ( , 1999 Takemura et al. ( and 2006 . Briefly, p50 and triploid semen was collected from ruptured seminal vesicles of a dozen males and kept in a sterilized ice-cold dish until the freezing process. Because the function of sperm activation in the glandula prostatica can be mimicked by trypsin (Takemura et al., 1999) , the thawed semen was mixed with 1/4 volume of 0.75 mg/ml trypsin (crystal trypsin from porcine pancreas; specific activity, 5,300 USP units per mg) in Grace's medium. We mixed the same volume of cryopreserved p50 eupyrene sperm and apyrene sperm from triploid males to produce a 1 : 1 ratio of the semen mixture. To increase the apyrene sperm ratio, we added two, three and four volumes of triploid semen to a constant volume of cryopreserved p50 semen. Then, a 10 ml mixture of semen was injected into the bursa copulatrix of a virgin female moth of the WE2 strain.
RESULTS AND DISCUSSION
We first confirmed the fertilization ability in p50 and triploid brothers by normal mating, from which semen was removed. p50 males have a high fertility rate and triploid males are completely sterile (Table 1) . We divided frozen p50 semen into 3 parts (exps. 3, 5 and 6 in Table 1) , and 2 parts (exps. 5 and 6) were mixed with triploid semen. Cryopreserved triploid semen has little fertility (Table 1, exp. 4), and no progeny could be obtained. Although cryopreserved p50 semen also has little fertility (Table 1, exp. 3), hatched larvae were obtained that were genetically identical to p50, and the hatchability showed the usual rate (approximately 90%). The supply of fresh apyrene sperm from triploid donors recovered the fecundity of cryopreserved p50 semen nearly up to the level shown by mated individuals, whereas the improvement by frozen apyrene sperm from triploid individuals was less effective (Table 1, compare exps. 5 and 6). The hatched larvae were genetically identical to p50. Most apyrene sperm in p50 semen dysfunctions during the freeze-thaw steps in spite of remaining in functional eupyrene sperm. The fertility of cryopreserved semen varied depending on the strain, but triploid semen as helper sperm will have an effect on most strains.
We confirmed that frozen apyrene sperm from triploid males restored the fecundity of cryopreserved p50 semen (Table 1) . This greatly con-Fertility Restoration of Frozen Silkworm Semen tributed to decreasing rearing times for triploid induction. To obtain triploid males, 5 different strains are reared for 3 generations, parental strains for tetraploid induction, the F 1 tetraploid and a father strain for mating with tetraploid females and triploids. Without cryopreserved triploid semen, 3 generations would have to be reared for restoration. We then surveyed whether there is the critical ratio of eupyrene sperm to apyrene sperm for fertilization. We divided p50 semen collected from 75 individuals into 7 parts, and then 5 parts were cryopreserved. Using 2 parts of non-frozen semen, we revealed that fresh semen from triploid donors did not disrupt fertility up to twice the volume of p50 semen (Table 2, exps. 1 and 2). One part of frozen semen maintained low fecundity (Table 2, exp. 3) and the addition of frozen apyrene sperm to semen greatly increased the fertilizing ability in any experimental ratio (Table 2 , exps. 4-7). The resultant volume of frozen apyrene sperm to that of eupyrene sperm in the present experiments was very roughly 4 : 1 (Table 2, exp. 7). Because we injected the same volume of semen mixture into female moths in each experimental group, the total number of p50 eupyrene sperm should decrease according to the increase of apyrene sperm volume. On the other hand, the restored fecundity of cryopreserved p50 semen is constant (Table 2, exps. 4-7). Our results open the gate to practically decrease the usage of cryopreserved semen.
The ratio of apyrene sperm to eupyrene sperm observed in spermatophores injected in bursa copulatrix varied from 1 : 1 for Spodopetra litura (Etman and Hooper, 1979) to 9.5 : 1 for Ephestia kuehniella (Koudelová and Cook, 2001) in Lepidoptera. Gage and Cook (1994) showed that a ratio of 9 : 1 for Plodia interpunctella reared with a lowprotein diet remained constant. Watanabe and Kobayashi (2006) also disclosed similar results to Gage and Cook (1994) in two Papilio species fed under restricted nutrient conditions and predicted the importance of the constant ratio in each species. Although double dilution of live diploid semen with Grace's medium did not affect the fertilizing ability (96.1%), 4-fold dilution decreased the ability to 31.9% (Takemura et al., 1999) . Not only the ratio but also the concentration of sperm must be an important factor behind fertilization in B. mori. Further artificial insemination studies using a higher apyrene sperm rate in the semen mixture of B. mori should be interesting, not only to understand the importance of a constant ratio of apyrene sperm to eupyrene sperm of Lepidoptera but also to practically use sperm cryopreservation to maintain silkworm resources.
